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Modeling	  of	  SN	  radia%on:	  Mo%va%on	  

•  Probes	  for	  stellar	  evolu%on:	  progenitor	  star	  (Id.,	  Mi,	  Mf,	  Mcore),	  
rota%on,	  metallicity,	  composi%on	  (H,	  He,	  IME,	  IGE,	  s-‐process)	  

•  Probes	  for	  explosion	  mechanism:	  energy,	  nucleosynthesis	  
(56Ni),	  remnant	  (NS,	  BH)	  

•  Probes	  of	  their	  environments:	  Z,	  IMF	  (e.g.	  first	  stars)	  



	  	  
Synopsis	  

	  

1.  The	  many	  paths	  of	  massive-‐star	  evolu%on	  

2.  Chronology	  of	  explosion	  +	  SN	  evolu%on	  

3.  SN	  radia%on	  :	  Light	  curves	  and	  spectra	  

4.  SN	  radia%on	  modeling	  :	  Proper%es	  of	  «	  standard	  »	  SNe	  II/IIb/Ib/Ic	  

5.  Superluminous	  SNe	  :	  Observa%ons	  and	  Mechanisms	  



The many paths to massive-star death 
Evolu%on	  of	  the	  core 

•  Main	  sequence:	  MMS>8M,	  X	  =	  0.7,	  Y=0.28,	  Z=0.02	  (µc=1.36)	  

•  Nuclear	  burning	  in	  core	  =>	  µc,	  	  ρc,	  Tc	  =>	  compactness	  	  

•  Star	  at	  death:	  Iron	  core	  (µc~50)	  +	  	  shells	  (Si/S,	  O/Ne/Mg,	  He,	  H/He)	  

•  Fe	  core	  supported	  by	  electron	  degeneracy	  pressure	  

Hirschi	  et	  al.	  (2004)	  



The many paths to massive-star death 
Evolu%on	  of	  the	  envelope 

Radia%on-‐driven	  Wind	  mass	  loss	  
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where I is the moment of the star, and E2 a constant measuring
the coupling between the tidal potential and the gravity mode.
Using the data of Table 1 in Zahn (1977), we constructed a
fitting formula for E2 as the following:

E2 = 10−1.37
(

Rconv

R

)8

, (5)

where Rconv is the radius of the convective core. Note that both
prescriptions by Tassoul and Zahn are not appropriate for a
star with a convective envelope.5 However, the role of tidal
synchronization is significant only on the main sequence and
not important in late evolutionary stages as discussed below.

We computed 45 model sequences for initial masses of
the primary star mostly from 12 to 25 M" at two different
metallicities (Z = 0.02 and 0.004), for different mass ratios,
initial orbital periods, and WR mass-loss rates, as summarized
in Table 1. The initial rotational velocity at the equatorial surface
of each star is set to be 20% of the Keplerian value. We could
not calculate more massive systems because of a numerical
difficulty encountered during the mass transfer phases, except
for Seq. 26 where a primary star of 60 M" is considered with
a rather large WR mass-loss rate (i.e., fWR = 3). The adopted
initial orbital periods corresponds either to Case A or to Case B
mass transfer. In the present study, we do not consider Case C
systems, but briefly discuss the possible outcomes of Case C
mass transfer in Section 6.4. The evolution of the primary stars
is followed up to neon burning in most cases.

We also present non-rotating single helium star models to
discuss SNe Ibc progenitors in binary systems with initial
masses larger than 25 M", and also to compare them with binary
star models (Section 5).

4. REDISTRIBUTION OF ANGULAR MOMENTUM IN
PRIMARY STARS

In this section, we focus our discussion on the evolution
of primary stars and investigate whether binary evolution via
Case A or Case B mass transfer could lead to diverse pre-
collapse conditions of SNe Ibc in terms of the amount of core
angular momentum. Although the evolution of mass-accreting
secondary stars is a matter of extreme interest as discussed in
Braun & Langer (1995), Petrovic et al. (2005b) and Cantiello
et al. (2007), it is beyond the scope of this paper.

Here, we first present some results including the
Spruit–Tayler dynamo with our fiducial assumption on synchro-
nization time (i.e., fsync = 1), showing that the final amount of
angular momentum in the core of the primary star is not much
affected by different histories of mass loss (i.e., Case AB or
Case B; Section 4.1). Then, we discuss the influences of differ-
ent assumptions on tidal synchronization and transport process
of angular momentum (Section 4.2).

4.1. Fiducial Models

4.1.1. Evolution with Case A and AB Mass Transfers

The evolution of the primary star in a close binary system
is characterized by the rapid loss of mass due to Roche lobe
overflow. As an example, the evolution of the primary star in
Seq. 14 is described in Figures 2 and 3, where our fiducial

5 On the other hand, note that a recent study by Toledano et al. (2007)
suggests that intermediate-mass main-sequence stars follow the Zahn’s
synchronization timescale for convective stars.

Figure 2. Evolution of the internal structure of the primary star in Seq. 14
(M1,init = 18 M", M2,init = 17 M" and Pinit = 4 day) from ZAMS to the neon
burning phase. The hatched lines and the red dots denote convective layers
and semi-convective layers, respectively. The different shades give the nuclear
energy generation rate, for which the scale is shown on the right-hand side. The
surface of the star is marked by the topmost solid line.
(A color version of this figure is available in the online journal.)

value of fsync = 1 is adopted, including the Spruit–Tayler
dynamo. The binary system initially consists of a 18 M" star
and a 17 M" star in a 4 day orbit. Mass transfer starts at
t = 8.09 × 106 yr, when the helium mass fraction in the
hydrogen burning core has increased to 0.94. The mass transfer
rate rises up to 8 × 10−4 M" yr−1, which roughly corresponds
to M1/τKH,1 where M1 and τKH,1 denote the mass and the
Kelvin–Helmoltz timescale of the primary star, respectively.
The primary mass decreases to 7.5 M" by the end of the Case A
transfer (see Figure 4). The second Roche lobe overflow begins
at t = 8.513 × 106 yr when the envelope of the primary star
expands due to hydrogen shell burning during the helium core
contraction phase (Case AB mass transfer). The primary star
loses most of the hydrogen envelope as a result, exposing its
helium core of 3.95 M" having a small amount of hydrogen
(MH = 0.04 M") in the outermost layers, as shown in the third
panel of Figure 4.

Although the star remains compact (R < 0.9 R") during
core helium burning, helium shell burning activated after core
helium exhaustion leads to the expansion of the envelope up
to ∼12 R" (see Figure 3) during core carbon burning. A Case
ABB mass transfer does not occur, however, due to the large
orbital separation (A = ∼121 R") at this stage, while it does
occur in many other sequences. The final mass at the end of the
calculation (neon burning) is 3.79 M". The mass of hydrogen
decreases to 0.0015 M" at the end, and the remaining mass of
helium is 1.49 M", as shown in the last panel of Figure 4. The
star is likely to eventually explode as a Type Ib supernova given
the rather thick helium envelope with a very thin hydrogen layer,
but it might also appear as Type IIb if the supernova were found
within several days after the explosion (see Section 5.3).

The lower panel of Figure 3 shows that the mass transfer is not
conservative. When the secondary star reaches critical rotation
as a result of the accretion of angular momentum, the stellar wind
mass-loss rate increases so drastically as to prevent efficient
mass accumulation (see Petrovic et al. 2005a, for a more detailed
discussion on this effect). The ratio of the accreted mass in the
secondary star to the transferred mass from the primary star is
about 0.83 during the Case A mass transfer, and 0.41 during
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Fig. 15. Variation of the abundances in mass fraction as a function of the lagrangian mass at the end of central neon (top), oxygen (middle) and
silicon (bottom) burnings for the non-rotating (left) and rotating (right) 20 M! models. Note that the abundance of 44Ti (dotted-long dashed
line) is enhanced by a factor 1000 for display purposes.
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Figure 4. Chemical composition of the primary star in Seq. 14 as a function of the mass coordinate, at different evolutionary epochs. First panel: core H burning (right
before the Case A mass transfer phase). Second panel: core H burning (right after the Case A mass transfer phase). Third panel: helium burning (right after the Case
AB mass transfer phase). Last panel: neon burning.
(A color version of this figure is available in the online journal.)

4.2.2. Non-magnetic Model

In Seq. 18 where the Spruit–Tayler dynamo is not included,
the core is spun down due to synchronization during the Case A
mass transfer phase (Figure 9) as in the corresponding magnetic
case (Seq. 14; Figure 7). The spin-orbit coupling becomes
significantly weakened as the orbit widens after the Case A
mass transfer phase. Despite a significant amount of mass
being lost via Case AB mass transfer, the core in the primary
star retains most of the remaining angular momentum in the
following evolutionary stages. This is because the chemical
gradient across the boundary between the helium core and the
hydrogen envelope effectively prohibits the transport of angular
momentum (cf. Meynet & Maeder 1997; Heger et al. 2000). The
core angular momentum at neon burning is thus about 10 times
larger (〈j1.4〉 = 3.571015 cm2 s−1) than in the corresponding
magnetic case.

4.3. Discussion

As shown in the above examples, in the model sequences
with the Spruit–Tayler dynamo, all of the primary stars retain
similar amounts of angular momentum (a few 1014 cm2 s−1) in
the innermost 1.4 M$ at neon burning regardless of the detailed
history of mass transfer, unless synchronization is extremely

fast as in Seq. 16 (see Table 1). According to the Spruit–Tayler
dynamo, magnetic torques exerted to the core become stronger
with a higher spin rate, a larger degree of differential rotation
between the core and the envelope, and a heavier radiative
envelope. Therefore, although winds or Roche lobe overflows
reduce the size of the hydrogen envelope and remove angular
momentum from the star, this in turn weakens the torque exerted
to the core, and vice versa. The remarkable convergence of 〈j1.4〉
to a few 1014 cm2 s−1 in our model sequences, even for different
wind parameters and metallicities as shown in Table 1, can
be explained by this self-regulating nature of the Spruit–Tayler
dynamo. This result indicates that not much diversity is expected
in SNe Ibc progenitors produced via Case A or Case AB/B
mass transfer, in terms of rotation: most SNe Ibc of a similar
progenitor mass may leave neutron stars with a similar spin
rate. However, other types of binary interactions still may lead
to various final rotation periods in SN progenitors (see Brown
et al. 2000; Cantiello et al. 2007; Podsiadlowski et al. 2010, for
such examples).

5. THE NATURE OF SN Ibc PROGENITORS

In the literature, the detailed history of binary interactions
such as mass transfer and tidal interaction is often neglected,
and only the evolution of pure helium stars to discuss SNe Ibc

Hirschi	  et	  al.	  (2004)	  

•  dM/dt	  ~10-‐5M/yr	  	  ;	  f(M,Z,Ω)	  
•  Key	  for	  higher	  mass	  stars	  	  

•  Ex:	  M=20M	  single,	  vrot=300km/s	  

dM/dt	  ~10-‐4M/yr	  	  ;	  	  
Key	  for	  low/moderate-‐mass	  stars	  
because	  weak	  wind	  but	  large	  R!	  
Ex:	  M=18M	  binary,	  slow	  rot.	  
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Binary	  mass	  transfer	  



Progenitor	  proper%es	  at	  collapse	  

  Single	  stars	  and	  wide	  binaries:	  
	  	  	  	  	  	  	  10-‐30M	  :	  dies	  as	  H-‐rich	  RSG/BSG	  =>	  SNe	  II-‐P/II-‐pec	  
>30M:	  dies	  as	  H-‐deficient	  WR	  star	  of	  >10M	  =>	  SNe	  ?	  

Close	  Binary	  systems:	  
	  	  	  	  	  	  	  10-‐30M	  :	  dies	  as	  a	  low	  mass	  H-‐poor	  WR	  star	  =>	  SNe	  IIb/Ib/Ic	  

	  	  	  	  	  	  	  >30M	  :	  same	  proper%es	  as	  single	  WR	  stars	  =>	  SNe	  ?	  
	  
	  

Core	  evolu%on	  +	  envelope	  trimming	  control	  SN	  proper%es/type	  



Chronology of events in the life of a CCSN 

  1 sec: Core collapse, bounce, shock revival 
  Shock powered by neutrinos and/or magneto-rotational processes  
  1 min to 1 day: shock propagates and breaks out (1st EM signature).  
  Open question: NS vs. BH formation? Partial fallback? 
  Mins to days: Final ejecta acceleration to homology (V∝R) 
  Ejecta properties: Ekin~1051erg, Mejecta~ few M, Vexp~3000km/s, M(56Ni) ~ 0.1M  
                            
  Generic subsequent Evolution controlled by 
                      Cooling (Expansion &  Radiative losses)  
        versus   Heating (Radioactive decay & Recombination).  
       modulo   Transport (dynamic radiative diffusion --- opacity/composition/ionization, dT/dr!)  
           Their variations cause the diversity of CCSN Light Curves and Spectra 

  Weeks to months: Photospheric phase (τ>>1) 
  After a (few) month(s): Transition to Nebular phase (τ<<1) 
  1-10n years: SNR, CSM interaction, light echoes  



SN radiation influenced by cooling 

•  Cooling through expansion primarily  

•  dE=dQ-PdV ; Prad >> Pgas: E=aT4V, P=aT4/3 
•  => if dQ=0 then dT/T=-1/3 dV/V. Since dV/V=3dR/R => T ≈ 1/R 

•  Explosion of a WD: R0=108cm, RSN=1015cm => RSN/R0=107 

•  => T drops from 109K to room T in ~2 weeks! 

 

SN radiation influenced by heating 

1.  Recombination energy: e.g. 13.6eV per HI (weak). 

2.  Radioactive decay energy: 56Ni 56Co 56Fe (γ-rays,ν, positrons). Key for Type I SNe! 

         56Ni 56Co : 1.75MeV per decay, half-life=6.07d 

         56Co 56Fe : 3.74MeV per decay, half-life=77.22d 

3.   Exceptional circumstances: Magnetar spin-down (Eth), interaction  (Ekin  Eth) 



Diversity of SN Light curves 

Smith	  et	  al.	  
Superluminous	  SNe	  
	  	  	  L(t)	  dt	  ≈1050-‐51erg	  	  

“Standard”	  SNe	  
L(t)	  dt	  ≈1049erg	  	  

Giant	  star	  erup%ons	  
e.g.	  	  η	  Car	  



Diversity of CCSN types 

Spectral classification reflects variations in 
composition, ionization, excitation, T, V(m) 

and light-curve morphology 

Smith	  et	  al.	  (2011)	  



Basics	  of	  Type	  II	  SN	  spectra 

Spectral evolution reflects changes in ρ, τ, Xi, V(m) 
=> Stellar forensics 

Nebular	  phase:	  τcont	  <1	  

Photospheric	  phase:	  τcont	  >1	  

Op%cally-‐thick	  ourlow=>	  P-‐Cygni	  profiles.	  
Early:	  blue	  cont.,	  weak	  blanke%ng	  
Late:	  Recombina%on,	  strong	  blanke%ng	  
Probe	  of	  the	  envelope	  (primordial	  comp.)	  

Pseudo-‐con%nuum	  from	  lines	  (FeI,	  FeII)	  
P-‐Cygni	  profiles	  for	  thick	  lines	  
Boxy	  profiles	  for	  forbidden	  (thin)	  lines	  
Emission	  from	  inner	  ejecta	  	  
τline	  >1	  even	  if	  τcont	  <1	  
Probe	  of	  the	  core	  (evolved	  comp.)	  

EPM DISTANCE TO SN 1999em 45

2002 PASP, 114:35–64

Fig. 6.—Optical flux spectra of SN 1999em spanning the first 96 days after
discovery. In this and all figures a recession velocity of 800 km s!1 has been
removed from the observed spectrum (§ 2.2.3). Note that the continuum shape
of the spectra on days 5 and 6 has been manually adjusted redward of 5800 Å
because of irregularities introduced by the spectrograph.

Fig. 7.—Optical and near-infrared spectral development of SN 1999em dur-
ing its first 517 days after discovery (1999 October 29). Six plateau-phase
spectra shown in Fig. 6 are reproduced here as well, but with their full spectral
range displayed.

light loss (Filippenko 1982). In addition, the shape of all spectra
obtained with the Lick 1 m reflector is suspect, especially at
wavelengths greater than 5800 Å, since successive observations
from the same night occasionally showed significant varia-
tions.19 Multiple extractions of the data using apertures of var-
ying width and different background regions failed to remedy
the problem, and its cause remains unknown. Fortunately, this
calibration uncertainty has minimal scientific impact here since
it is the wavelengths of absorption features, not absolute fluxes,
that are of primary interest. In any case, the effect was evident
on only a few nights, and quantities derived using spectra ob-
tained on these nights are in good agreement with those derived
from spectra taken at other telescopes.
The spectral evolution of SN 1999em during the first

517 days of its development is shown in Figures 6 and 7. The
early spectra are characterized by a nearly featureless contin-

19 Normalizing the spectrum at the blue end, the flux level of the red end
varied by as much as !30% on the worst nights.

uum with broad hydrogen Balmer and He i l5876 P Cygni
lines. As early as day 7, a hint of Fe ii l5169 absorption is
visible, and it becomes quite strong by day 11 along with
Fe ii l5018. During the next 90 days the strength of numerous
metal lines continues to increase (see Fig. 1). After the plateau
ends, the spectrum becomes more emission dominated and
marked by the presence of such forbidden lines as [Ca ii]
ll7291, 7324 and [O i] ll6300, 6364.
As discussed in § 1, one area of uncertainty in the application

of EPM is estimating the photospheric velocity. To test the
consistency of velocities measured from different lines, we shall
derive velocities from as many features as possible in the optical
spectrum of SN 1999em during the photospheric phase. Our
goal is to identify several unblended, weak features and com-
pare the velocity derived using them with that obtained from
the Fe ii ll4924, 5018, 5169 lines, which have often been
used in previous EPM studies.
We first identified 36 distinct absorption features in the op-

tical photospheric spectrum of SN 1999em, focusing mainly
on the region between 4000 and 7000 Å since that range was



1-‐D	  Non-‐LTE	  %me-‐dependence	  with	  cmfgen	  
(Hillier	  &	  Miller	  1998;	  Dessart	  &	  Hillier	  2005,2008,	  2010,2011ab;	  Hillier	  &	  Dessart	  2012)	  

•  GOAL:	  SN	  radia%on	  modeling	  to	  constrain	  progenitor	  and	  explosion	  proper%es	  

•  Time-‐dependent	  transport:	  moments	  of	  RTE	  with	  all	  important	  terms	  in	  v/c,	  ∂/∂t,	  ∂/∂ν,(∂/∂µ),	  ∂/∂r	  	  

•  Non-‐LTE	  solver:	  solve	  for	  10000+	  levels	  (explicitly	  account	  of	  collisional-‐radia%ve	  rates)	  

•  Non-‐LTE	  %me-‐dependent	  ioniza%on	  	  (selec%on	  of	  25	  species	  &	  15	  ioniza%on	  stages)	  

•  RTE	  solved	  for	  at	  ~105	  frequencies	  (far-‐UV	  to	  Far-‐IR)	  

•  Line	  blanke%ng	  

•  Non-‐local	  energy	  deposi%on	  and	  Non-‐thermal	  processes.	  

•  IniGal	  condiGons:	  Stellar	  evolu%on	  from	  main	  seq.	  +	  Hydrodynamics	  of	  explosion	  

•  Full-‐ejecta	  simula%on,	  e.g.	  no	  “ar%ficial”	  boundary	  condi%ons,	  Xi	  stra%fica%on	  

•  Time	  evolu%on:	  ~1	  d	  to	  few	  100d	  aver	  explosion	  (Δt	  =	  0.1t)	  



Basics	  of	  core-‐collapse	  SN	  light	  curves 

•  Shock-‐breakout	  burst	  followed	  by	  rapid	  fading	  (expansion	  cooling)	  

•  Post-‐breakout	  plateau:	  f(R★)	  
•  Poten%al	  re-‐brightening	  from	  56Ni/56Co	  decay.	  Delay	  func%on	  of	  mixing.	  

•  High-‐brightness	  phase	  func%on	  of	  M★	  (large	  τ),	  R★	  (cooling),	  M56Ni	  	  (hea%ng)	  

•  Transi%on	  to	  nebular	  phase	  when	  τcont≤1;	  Flux	  f(M56Ni,γ-‐ray	  trapping)	  

•  Not	  considered:	  external	  power	  from	  CSM	  interac%on,	  external	  radia%on	  etc.	  

Light	  curves	  of	  CCSNe	  (Ib/c/II-‐pec/II-‐P)	  reflect	  	  
varia%ons	  of	  a	  few	  in	  M★,	  10	  in	  Ekin	  and	  M(56Ni),	  but	  up	  to	  1000	  in	  R★	  

(DH10,DH11a)	  
pre-‐SN	  
Star	  

M★	  	  

[M]	  
R★	  	  

[R]	  
	  

Mejecta	  	  

[M]	  
Ekin	  
[B]	  

M56Ni	  

[M]	  

SN	  II-‐P	   RSG	   15	  
(single)	  

830	   10.9	   1.2	   0.08	  

SN	  II-‐pec	  
(87A)	  

BSG	   18	  
(single)	  

47	   15.5	   1.2	   0.08	  

SN	  Ib WN 25	  
(binary) 

10 3.6 1.2 0.24 



Case	  study	  of	  SNII-‐P	  1999em	  	  
1.2B	  ejecta	  from	  	  	  	  	  	  	  	  	  	  	  	  
500R	  15M	  	  RSG.	  

Dessart	  &	  Hillier	  (2011),	  Dessart	  et	  al.	  (in	  prep.)	  	  

•  Good	  match	  to	  SED,	  line	  profiles,	  ioniza%on	  
•  Non-‐thermal	  processes	  key	  for	  Hα	  at	  late	  %mes	  

•  Nebular	  spectra	  OK	  =>	  Core	  proper%es	  suitable	  

•  LC	  OK	  for	  colors	  but	  plateau	  too	  long	  –	  M(H-‐env.)	  



SN	  IIb/Ib/Ic	  Light	  curves:	  Observa%ons	  vs.	  models	  

                       Observations 
•  Rise time to peak of  ~20 days   
•  Narrow peak (20d). 
•  SNe IIb/Ib/Ic have similar LC props. 
•  Scatter in peak brightness 

Drout et al. (2010) 

Models	  
Early,	  narrow	  peak	  with	  

	  fast	  nebular	  decline	  	  

⇒  low-‐mass	  ejecta(<5M)	  

⇒  Binary	  star	  progenitors	  

Dessart	  et	  al.	  (2011,2012,	  in	  prep.)	  



Superluminous	  Supernovae:	  The	  facts	  

Huge	  luminosi%es	  
Diversity	  of	  fading	  rates	  aver	  peak	  

Diversity	  in	  SN	  type:	  II,	  IIn,	  Ic	  

Diversity	  in	  colors:	  blue	  or	  red	  

SLSN	  IIn	  –	  2006gy	  	  
	  H	  rich	  –	  narrow	  lines	  

SLSN	  Ic	  –	  2007bi	  	  
Blue	  -‐	  	  H	  poor	  

SLSN	  –	  2005ap/PTF	  
Very	  Blue	  –	  H	  poor	  



Superluminous	  Supernovae:	  Mechanisms	  

	  Trick:	  Heat	  up	  the	  gas	  once	  it	  has	  expanded	  to	  a	  SN	  radius	  
(recall	  about	  PdV	  losses)	  	  

•  Powered	  by	  interac%on	  with	  CSM	  :	  Ekin	  -‐>	  Eth	  -‐>	  Erad	  

•  Powered	  by	  huge	  56Ni	  mass	  :	  pair-‐instability	  SNe	  	  or	  extreme	  CCSNe	  

•  Powered	  by	  magnetar	  radia%on:	  Delayed	  energy	  injec%on	  from	  
compact	  object	  with	  large	  B	  and	  Ω	  =>	  par%cle	  +	  X-‐rays/γ-‐rays	  emission	  



Superluminous	  SNe	  through	  CSM	  interac%on	  

•  CSM	  interac%on	  =>	  Photosphere	  forma%on	  at	  huge	  R	  =>	  huge	  L	  

•  Decelera%on	  =>	  Massive	  slow	  outer	  shell	  +	  fast	  inner	  shell	  (SN)	  

•  Power:	  Ekin	  -‐>	  Eth	  -‐>	  Erad	  

•  High	  mass	  =>	  large	  τ => coupling	  between	  gas	  and	  radia%on	  

•  Radia%on	  hydrodynamics:	  Modeling	  with	  heracles	  (Audit/Gonzalez)	  

•  Interac%on	  between	  2	  erup%ons	  in	  a	  60M	  star:	  	  

•  Inner	  shell	  (3.5x1051erg	  &	  10M)	  vs.	  outer	  shell	  (2x1050erg	  &	  9M)	  



Superluminous	  SNe	  through	  CSM	  interac%on	  

At	  1	  day	  aver	  the	  start	  of	  the	  interac%on	  

Inner	  Outer	  shell	  

Radia%ve	  
precursor	  

Light	  	  
curve	  

thin	  Low	  T	  
=>	  Low	  χ	


Shock	  =>	  	  
High	  T	  



Superluminous	  SNe	  through	  CSM	  interac%on	  

At	  1	  month	  aver	  the	  start	  

Heat	  wave	  
precursor	  

χ 	


τ=1	  in	  
outer	  shell!	  

Cold	  inner	  shell	  



Superluminous	  SNe	  through	  CSM	  interac%on	  

At	  the	  peak	  of	  the	  bolometric	  light	  curve	  

Interac%on	  with	  densest	  part	  
of	  outer	  shell	  



Superluminous	  SNe	  through	  CSM	  interac%on	  

At	  6	  months	  aver	  the	  start	  



Superluminous	  SNe	  through	  CSM	  interac%on	  

  Radia%ve	  precursor.	  Modifies	  outer	  shell	  (T,	  χ,	  v)	  

  Piles	  up	  all	  the	  mass	  in	  dense	  shell	  –	  stability?	  

  High	  T	  region	  at	  shock:	  	  thin	  =>	  X-‐rays	  OR	  thick	  =>	  op%cal	  photons	  
  Wind	  (v	  const.)	  vs.	  erup%on	  (V≈R):	  modifies	  shock/Lbol	  at	  late	  %mes	  

  Huge	  %me-‐integrated	  Lbol	  (≈1050erg),	  f(Ekin,	  M)	  

  Clear	  signatures	  for	  SNe	  IIn:	  Narrow	  lines	  but	  huge	  R	  &	  L	  



SN	  IIn:	  1994W	  

Radia%on	  from	  op%cally-‐thick	  layer	  (dense	  shell	  and	  above)	  
Hybrid	  profile	  morphology	  well	  understood	  

Dessart	  et	  al.	  (2009)	   Electron-‐sca}ering	  	  
wings	  



Diversity	  of	  SNe	  IIn	  light	  curves	  

⇒  Suggests	  range	  in	  inner/outer	  shell	  proper%es:	  X,	  Y,	  M,	  extent	  (ρ),	  Ekin,	  dv/dr	  

⇒  Reflects	  complexity	  of	  stellar	  evolu%on	  and	  stellar	  stability	  



Pair-‐instability	  Supernovae	  

•  Associate	  with	  top-‐heavy	  IMF	  of	  first	  stars?	  Mergers?	  Func%on	  of	  redshiv?	  
•  140-‐260M	  objects	  that	  collapse	  during	  C/Ne/O-‐core	  burning	  due	  to	  

electron/positron	  pair	  produc%on	  

•  Thermonuclear	  runaways	  leaving	  no	  remnant	  

•  Burn	  several	  M	  of	  O	  to	  56Ni	  and	  Si:	  Combus%on	  energy	  of	  few	  1052erg!	  	  
•  Unclear	  status	  at	  death:	  RSG	  -‐>	  SN	  II-‐P	  or	  WR	  -‐>	  SN	  Ibc	  	  

Heger	  et	  al.	  (2003)	  

PISN	  



Pair-‐instability	  Supernovae	  
•  Our	  work:	  Simula%ons	  of	  3	  PISNe	  from	  RSG/BSG/WR	  progenitors	  at	  10-‐4Z	  

•  Large	  56Ni	  mass	  =>	  Huge	  Lpeak	  

•  Huge	  ejecta	  mass	  and	  energy	  release	  =>	  modest	  E/M	  and	  large	  τ 	  =>	  broad	  LCs	  

PISN	  
Ia	  

Std.	  CCSNe	  

2 Luc Dessart et al.

ducing a large amount of 56
Ni. In the exceptional instance of stars

with a main-sequence mass in the range 140–260M!, expected to
form at low metallicity in the early Universe (Bromm & Larson
2004), e−e+ pair production may lead to an explosion and give
rise to a PISN (Barkat et al. 1967; Heger & Woosley 2002; Langer
et al. 2007; Waldman 2008). Although the explosion mechanism
is robust, it is still unclear whether such massive stars can form.
If they do form, their mass loss is of concern as it can consider-
ably affect the final stellar mass and radius, and thus, the resulting
explosion properties, SN radiation, and detectability (Scannapieco
et al. 2005; Kasen et al. 2011).

An alternative means to produce a bright display is by mag-
netar radiation (Wheeler et al. 2000; Maeda et al. 2007; Kasen
& Bildsten 2010; Woosley 2010). The energy lost in the pro-
cess leads to the spin down of the magnetar, which eventually
quenches its power. For a dipole field, the spin-down time scale
is tsp ∼ 4.8B−2

15 P 2
10 d, where B15 is the magnetic-field strength in

1015 G and P10 the rotation period P in units of 10ms. For suit-
able choices of B15 and P10, this timescale can be comparable to
the half-life of 56Ni/56Co and consequently makes magnetar radia-
tion an attractive substitute for long-lived super-luminous SNe - in
combination with different ejecta masses, it also provides a natural
modulation for the time to peak brightness, the luminosity at peak
(Kasen & Bildsten 2010), as well as for the fading rate from peak.

The proposition that SN2007bi is a PISN is controversial.
It was discovered around the peak of the light curve (MR ∼

− 21mag), revealed a slowly fading R-band magnitude consistent
with full γ-ray trapping from ∼ 5M! of 56Ni (Fig. 1). It exploded
in an environment with a metallicity of one third solar, which con-
flicts with star formation (Bromm & Larson 2004) and evolution
theory (Langer et al. 2007), which expect such stars to form and
explode as a Type Ic SN at much lower metallicity only. Gal-Yam
et al. (2009) performed a few simulations for SN2007bi, covering a
range of progenitor He cores and thus explosion characteristics, and
found their He100 model to be adequate. From their modeling of a
nebular-phase spectrum, they infer ejecta masses compatible with
the PISN scenario. Improving upon the original work of Scanna-
pieco et al. (2005), Kasen et al. (2011) studied a broad mass range
of PISN progenitor models including RSG, BSG, and WR stars.
Their He100 model gives a suitable match to the SN2007bi light
curve, as well as a rough agreement with the near-peak spectrum.

An alternative scenario, involving the collapse of a massive-
star core, has been proposed by Moriya et al. (2010). In associa-
tion with the extreme properties of the SN explosion they also in-
voke radioactive-decay energy to explain the light curve. The situa-
tion remains blurred, epitomized by the rough compatibility of both
the 56

Ni model (PISN model He100 or extreme core-collapse SN)
and the magnetar model for explaining the SN2007bi light curve
(Kasen & Bildsten 2010; Kasen et al. 2011). Understanding what
distinguishes these different scenarios is thus critical to identify the
nature of super-luminous SNe.

In the next section we present the numerical setup for the in-
depth study of PISN explosions that we have undertaken, and which
will be discussed more fully elsewhere (Dessart et al., in prep).
Simulation results for three different PISN progenitor models are
presented in Sect. 3. We then focus on the model He100 that was
proposed for SN2007bi, and discuss its incompatibilities with the
observations. Ways of alleviating these incompatibilities are dis-
cussed in Sect. 4. In particular we propose two means to produce a
super-luminous SN with a bluer color – either through an increase
in the 56

Ni-mass to ejecta mass ratio or, alternatively, through a
delayed energy injection from the compact remnant (Sect. 4).

Figure 1. Synthetic bolometric light curves extracted from our CMFGEN
simulations of PISNe and other “standard” SN models (solid). We include
V1D light curves for models He105, He115, and He125 of increasing peak
luminosity (dashed) and the estimated SN2007bi absolute R-band magni-
tude (Gal-Yam et al. 2009, circles).

2 NUMERICAL SETUP OF PISN SIMULATIONS

The work presented in this paper was produced in several inde-
pendent steps. First, a large grid of massive-star progenitors with
main-sequence masses in the range 160–230M! were evolved with
MESA (Paxton et al. 2011) until central 20Ne exhaustion, assum-
ing 10−4 Z! and no rotation. At that time, these stars are either
RSG, BSG, or WR stars. These simulations are then remapped onto
the 1D radiation-hydrodynamical code V1D (Livne 1993), with al-
lowance for (explosive) nuclear burning and radiation transport. At
20Ne exhaustion, oxygen is naturally ignited and consumed in less
than a minute to 56

Ni and intermediate-mass elements (IMEs). We
model this explosion phase and the later evolution of the ejecta for
a few years (Waldman et al., in prep.).

Here, we focus on three PISN types: 1) II-P: Model R190 from
a 190M! main-sequence star and dying as a 164.1M! RSGwith a
surface radius of 4044 R!; 2) II-pec: Model B190 from a 190M!

main-sequence star and dying as a 133.9M! BSG with a surface
radius of 186.1 R!; 3) Ic (or Ib): Model He100 from a 100M!

helium core (190M! initially, artificially stripped of its hydrogen
envelope, but without subsequent mass loss) and dying as a 100M!

WR with a surface radius of 1.2 R!. In the same order, these mod-
els synthesize 2.63, 2.99, and 5.02M! of 56

Ni, have kinetic ener-
gies of 33.2, 34.5, and 37.6 B, and a representative expansion ve-
locity vrep ≡

√

2E/M ∼ 5000 km s−1.
Although PISNe are thermonuclear explosions, akin to SNe

Ia, burning only occurs in the inner ejecta so that 56Ni is ultimately
confined to shells moving with velocities inferior to 2000 km s−1

(models R190 and B190) and 4000 km s−1 (He100). In the sec-
ond part of this letter, we present additional He models, similar to
He100, but with initial masses from 105 to 125M!, spaced every
5M! (Sect. 4). The properties of our hydrodynamical input mod-
els are comparable to those of Kasen et al. (2011), so we defer their
detailed presentation to Waldman et al. (in prep.).

For the radiative-transfer calculations of light curves and spec-
tra, we adopt our standard procedure (Dessart & Hillier 2010, 2011;
Dessart et al. 2011, 2012). Hillier & Dessart (2012) have recently
given a full description of the code CMFGEN for SN calculations.
We perform time-dependent simulations for the full ejecta, from
the photospheric to the nebular phase. We start when homologous
expansion is reached (a few days to a few weeks after explosion)

c© 2012 RAS, MNRAS 000, 1–5



Pair-‐instability	  Supernovae	  
Spectral	  signatures	  

	  	  	  High	  mass	  and	  low/moderate	  M(56Ni)/M(ejecta)	  	  	  	  
⇒  Cool	  temperatures	  and	  strong	  metal	  line	  opacity	  at/aver	  peak	  =>	  Red	  spectra	  

⇒  More	  difficult	  to	  detect	  at	  large	  redshivs	  	  	  

SN	  Ic	  SN	  II-‐P	  



Pair-‐instability	  Supernovae	  
Comparison	  to	  SN	  2007bi	  

  LC	  fit	  SN	  Ic	  model	  (He100)	  with	  5M	  of	  56Ni	  
  Spectra	  of	  SN	  2007bi	  are	  blue	  with	  broad	  lines	  
  Contemporaneous	  model	  spectra	  are	  red	  with	  narrow	  lines	  

⇒  SN	  2007bi	  probably	  not	  a	  PISN.	  
⇒  Lesson:	  Hard	  to	  produce	  a	  blue	  SN	  with	  lots	  of	  56Ni	  

Data:	  	  
Gal-‐Yam	  et	  al.	  (2009)	  

PISN	  Model:	  	  
Dessart	  et	  al.	  (2012cd)	  Light	  curves	  



Pair-‐instability	  Supernovae	  
Cosmological	  probes	  

  Huge	  evolu%on	  of	  XFe	  @	  photosphere	  =>	  Probe	  of	  Z	  
  Very	  exci%ng	  prospects	  for	  the	  future	  
  First	  stars	  difficult	  to	  detect.	  First	  SNe	  should	  be	  easier	  

Primordial	  Fe	  

Synthesized	  Fe	  



Magnetar-‐powered	  Supernovae	  

  Fast-‐spinning	  magnetar	  at	  birth:	  E	  =	  Iω2/2	  =	  2x1050	  	  (P/10ms)-‐2	  erg	  
  Dipole	  radia%on:	  dE/dt	  =	  1045	  (B/1015G)2(P/10ms)2	  erg/s	  

  Spin	  down	  %me:	  	  E/(dE/dt)	  =	  4.8d	  (B/1015G)−2(P/10ms)2	  =>	  ≈half-‐life	  56Ni!	  

  Goal:	  moderate	  B,P	  to	  have	  large	  E,	  dE/dt	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Spin	  down	  %me	  ~	  expansion	  %me:	  R/V	  ≈	  10d	  

  Effects:	  Snow-‐plow	  of	  inner	  ejecta	  =>	  Fast	  dense	  shell	  at	  base	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Injec%on	  of	  internal	  energy	  =>	  High	  ejecta	  temperatures	  	  	  

	  

Kasen	  &	  Bildsen	  (2010)	  

Pi=5ms	  



Magnetar-‐powered	  Supernovae	  

Signatures:	  Delayed	  energy	  injec%on	  =>	  Huge	  luminosi%es	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  High	  temperature	  and	  weak	  blanke%ng	  =>	  blue	  colors	  and	  spectra	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  fast	  ejecta	  =>	  broad	  lines	  at	  all	  %mes	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =>	  Stark	  contrast	  with	  PISN	  signatures!	  

	   Super-luminous supernovae 5

Figure 4. Comparison between SNe PTF 09atu, 2007bi, and 2005bf, syn-
thetic spectra of PISN models He100, He110, and He125, and magnetar-
powered models pm0p1, pm0p3, and pm1p0. Some dust extinction (E(B−

V ) = 0.4mag) is applied to the last two models for convenience. Labels in-
dicate the time since bolometric maximum.

(Fig. 1), and so one would expect to discover a fraction of these on
the relatively long rise to peak. In the magnetar model, the lack of
a pre-peak detection is naturally explained: The relatively large B
andΩ needed to power the light curve imply a fast spin down, and a
fast rise to the light-curve peak is compatible with a low/moderate
mass ejecta. Similarly, the post-peak fading may cover a range of
slopes reflecting the differing instantaneous contributions of 56

Ni

and magnetar-energy injection.
The magnetar model is also well supported by the large num-

ber of such objects in the Galaxy (Muno et al. 2008). They are
obviously easy to form, in contrast with PISNe, expected to ex-
ist primarily in the Early Universe. They are also routinely pro-
duced at lowmetallicity by massive-star evolution with fast rotation
(Woosley & Heger 2006; Georgy et al. 2009), perhaps providing an
alternate channel to black-hole formation (Dessart et al. 2008; Met-
zger et al. 2011; Dessart et al. 2012).

Future work requires the modeling of magnetar radiation in
various massive-star progenitors using V1D and CMFGEN to char-
acterize the range of super-luminous SNe this scenario can pro-
duce in terms of ejecta, spectral, and light-curve properties, e.g.,
rise time, peak luminosity, color, and fading-rate at nebular times.
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higher	  B,	  
Slower	  rot.	  

Lower	  B,	  
Faster	  rot.	  

Magnetar	  model	  for	  SN2007bi	  
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Summary	  

•  SN	  radia%on	  Modeling:	  tool	  to	  infer	  progenitor	  and	  explosion	  proper%es	  

•  	  SN	  II	  SNe:	  primarily	  from	  10-‐25M	  single	  stars	  that	  die	  as	  RSGs	  

•  SNe	  IIb/Ib/Ic:	  primarily	  from	  10-‐25M	  close	  binary	  stars	  that	  die	  as	  low-‐M	  WR	  	  

•  Superluminous	  SNe	  from	  CSM	  interac%on,	  extreme	  M(56Ni),	  magnetar	  radia%on	  

•  CSM	  interac%on	  =>	  SNe	  IIn:	  H-‐rich,	  narrow	  lines	  	  	  

•  PISNe:	  broad	  luminous	  light	  curves	  with	  red	  colors.	  Slow	  expansion.	  

•  Magnetar-‐powered	  SNe:	  diverse	  LCs	  but	  blue	  colors.	  Fast	  expansion.	  

•  Favor	  search	  for	  first	  stellar	  explosions	  rather	  than	  first	  stars.	  

SLSNe	  from	  
CFHT	  legacy	  survey	  	  

Deep	  field	  
(Cooke	  et	  al.	  (2012)	  


